
Transforming growth factor-β (TGF-β) pathway abnormalities in
tenascin-X deficiency associated with CAH-X syndrome

Rachel Morissette1,2,*, Deborah P. Merke2,3, and Nazli B. McDonnell1
1The National Institutes of Health, National Institute on Aging, Baltimore, MD, USA
2The National Institutes of Health, Clinical Center, Bethesda, MD, USA
3The Eunice Kennedy Shriver National Institute of Child Health and Human Development,
Bethesda, MD, USA

Abstract
Patients with congenital adrenal hyperplasia (CAH) with tenascin-X deficiency (CAH-X
syndrome) have both endocrine imbalances and characteristic Ehlers Danlos syndrome
phenotypes. Unlike other subtypes, tenascin-X-related Ehlers Danlos syndrome is caused by an
extracellular matrix protein deficiency rather than a defect in fibrillar collagen or a collagen-
modifying enzyme, and the understanding of the disease mechanisms is limited. We hypothesized
that transforming growth factor-β pathway dysregulation may, in part, be responsible for
connective tissue phenotypes observed in CAH-X, due to this pathway’s known role in connective
tissue disorders.

Fibroblasts and direct tissue from human skin biopsies from CAH-X probands and age- and sex-
matched controls were screened for transforming growth factor-β biomarkers known to be
dysregulated in other hereditary disorders of connective tissue. In CAH-X fibroblast lines and
dermal tissue, pSmad1/5/8 was significantly upregulated compared to controls, suggesting
involvement of the bone morphogenetic protein pathway. Additionally, CAH-X samples
compared to controls exhibited significant increases in fibroblast-secreted TGF-β3, a cytokine
important in secondary palatal development, and in plasma TGF-β2, a cytokine involved in cardiac
function and development, as well as palatogenesis. Finally, MMP-13, a matrix metalloproteinase
important in secondary palate formation and tissue remodeling, had significantly increased mRNA
and protein expression in CAH-X fibroblasts and direct tissue.

Collectively, these results demonstrate that patients with CAH-X syndrome exhibit increased
expression of several transforming growth factor-β biomarkers and provide a novel link between
this signaling pathway and the connective tissue dysplasia phenotypes associated with tenascin-X
deficiency.
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Introduction
Congenital adrenal hyperplasia (CAH) due to 21-hydroxylase deficiency is an autosomal
recessive disorder of the adrenal cortex characterized by cortisol deficiency, with or without
aldosterone deficiency, and androgen excess.[1] Endocrine manifestations range in severity
depending upon the degree of 21-hydroxylase impairment caused by defects in the
CYP21A2 gene.[1] CYP21A2 is flanked by the TNXB gene that encodes tenascin-X (TNX),
an extracellular matrix (ECM) glycoprotein that is highly expressed in connective tissue and
functions in matrix maturation during wound healing.[2] TNX was the first essential protein
identified for normal collagen fibril deposition independent of collagen synthesis and
fibrillogenesis. Defects in normal collagen fibril deposition in connective tissue can impair
collagenous matrix integrity and lead to Ehlers Danlos syndrome (EDS), a hereditary
disorder of connective tissue.[3]

We recently described that approximately 7% of patients with CAH have an associated
connective tissue phenotype due to TNXB haploinsufficiency, representing a contiguous
gene syndrome termed CAH-X.[4] It is estimated that approximately 20 000 people in the
US are living with CAH. Therefore, up to 1 400 people may be affected by CAH-X in the
US alone. Using a conservative prevalence of CAH of 1 in 20 000 worldwide, about 350
000 people are at risk for CAH-X.

Complete TNX deficiency was first reported in a patient with CAH and EDS.[5] While
autosomal recessive complete TNX deficiency is a cause of classical EDS,[6] TNXB
haploinsufficiency is associated with the hypermobility type of EDS.[7] Previous
investigations have been confined to TNX’s interactions with collagen and have suggested
that the EDS phenotype in TNX deficiency may be predominantly related to its interactions
with fibrillar collagens, particularly type V;[6] however, this hypothesis does not explain
additional features such as clefting, cardiac developmental and midline defects, and
myopathy found in CAH-X. The effects of TNX deficiency lead to an impaired ECM and
connective tissue, which in turn lead to connective tissue dysplasia phenotypes.
Interestingly, dysregulation in the transforming growth factor-beta (TGF-β) pathway has
been found in other connective tissue dysplasias with similar outcomes,[4] such as Marfan
syndrome (MFS), Loeys Dietz syndrome (LDS), Shprintzen-Goldberg syndrome (SGS), and
a disorder in the LDS spectrum involving loss-of-function mutations in TGFB2 (Table 1).
[8–11] In addition to EDS phenotypes such as joint hypermobility, piezogenic papules, soft
tissue rheumatism, spondylosis, and functional bowel disorders, CAH-X patients exhibit
structural cardiac valvular abnormalities such as quadricuspid aortic valve and congenital
ventricular diverticulum. The presence of a bifid uvula, a forme fruste of cleft palate, has
also been found in CAH-X.[4] Due to the phenotypic overlap of CAH-X with connective
tissue dysplasias known to have aberrant TGF-β signaling, we hypothesized that abnormal
expression of TGF-β pathway biomarkers may also be found in CAH-X (Table 1).

The objective of the current study, therefore, was to investigate the role of the TGF-β
pathway in TNX deficiency within our CAH-X cohort. Though a TNXB knockout mouse
model was shown to recapitulate the EDS phenotype,[3] a comparable TNXB knockout
mouse with a CAH background is not currently available, thereby limiting mechanistic
studies to available human tissue and cell lines. We therefore utilized patient skin tissue,
fibroblasts, and EDTA-plasma to screen for TGF-β signaling biomarkers commonly
associated with phenotypes found in other connective tissue disorders to identify a novel
role for this signaling pathway in CAH-X.
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Material and Methods
Ethics statement

Patients were enrolled in an ongoing prospective natural history study at the National
Institutes of Health Clinical Center in Bethesda, MD (Clinical Trials # NCT00250159) and
approval was obtained from the Eunice Kennedy Shriver National Institute of Child Health
& Human Development Institutional Review Board. Written informed consent and assent
were obtained for all participants. All clinical and molecular details of the CAH-X cohort
have been recently described.[4]

Cell culture
Primary skin fibroblasts were initiated from explants of 4 mm-punch biopsies from 12 CAH-
X probands (6 M/6 F) with TNXB haploinsufficiency and 19 age- and sex-matched CAH
controls (age range ~5–25 yr) with a normal TNXB genotype. De-identified dermal
fibroblast samples from apparently healthy age- and sex-matched controls were obtained
from the Coriell repository (www.coriell.org). Fibroblasts were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA, USA) with high glucose and
supplemented with 10% fetal bovine serum (FBS, Invitrogen) in the presence of penicillin
and streptomycin at 37°C in 5% CO2. Untreated CAH-X and control cells were grown to
confluence before lysis. Treated CAH-X and controls cells were grown to ~80% confluence
then serum starved for 18 hours. Cells were then treated for 1 hour with either 10 ng/mL
TGF-β1, TGF-β2, or TGF-β3 or 50 ng/mL BMP-4 (R&D Systems, Minneapolis, MN, USA)
as indicated before lysis. Cells were used between passages 2 and 8.

Western blot analysis
Protein expression was analyzed by SDS-PAGE electrophoresis and Western blot.
Fibroblasts were lysed with RIPA buffer (Pierce, Rockford, IL, USA) containing protease
and phosphatase inhibitors (Cocktail Sets I, II, and III, Calbiochem, Gibbstown, NJ, USA).
Thirty μg of total cell protein (as determined by a BCA protein assay of whole cell protein
extracts and using BSA as a standard, Pierce) was loaded onto a 4–20% Novex Tris-Glycine
precast gel (Invitrogen). Proteins were then electrotransferred onto a PVDF membrane using
Invitrogen’s iBlot dry blotting system and immunoblotting was performed with the
appropriate human antibodies. Specifically, rabbit polyclonal anti-phospho-Smad1/5/8
(1:500, Cell Signaling Technology, Danvers, MA, USA), anti-Smad1 (1:500, Cell Signaling
Technology), anti-phospho-Smad2 (1:500, Millipore, Billerica, MA, USA), anti-phospho-
Erk1/2 (1:1000, Cell Signaling Technology), anti-p38 MAPK (1:500, Cell Signaling
Technology), anti-MMP-13 (1:200, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),
anti-β-tubulin (1:2,000, Cell Signaling Technology) or rabbit monoclonal anti-Smad2
(1:500, Cell Signaling Technology), anti-Erk1/2 (1:1000, Cell Signaling Technology), anti-
phospho-p38 MAPK (1:500, Cell Signaling Technology), anti-β-actin (1:1000, Cell
Signaling Technology) were used overnight at 4°C, followed by 1 hour incubation with a
secondary donkey anti-rabbit IgG ECL-HRP linked antibody (1:5000, GE Healthcare,
Piscataway, NJ, USA). Immunoreactive products were visualized by chemiluminescence
using the ECL Plus kit (GE Healthcare). Quantification of immunoblots was performed
using ImageJ software (NIH, Bethesda, MD, USA) and was done within the linear range of
each antibody. All data were normalized to the loading control; however, the same results
were seen when normalized to total protein. Results are from three independent experiments
performed in triplicate.
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Quantitative real-time PCR
An RNeasy Plus Mini kit (QIAGEN, Valencia, CA, USA) was used to extract RNA
according to the manufacturer’s instructions. Synthesis of cDNA was done using 1 μg RNA
and the qScript cDNA SuperMix (Quanta Biosciences, Gaithersburg, MD, USA). Gene
expression was quantified using the SYBR green (Quanta Biosciences) method of real-time
PCR with QuantumRNA Universal 18S primers (Ambion, Grand Island, NY, USA) or 200
nM of each gene specific primer in each reaction. The primers used for the human MMP13
gene were designed to cross intron-exon junctions and are as follows: forward (5′-
ACTGAGAGGCTCCGAGAAATG-3′) and reverse (5′-GAACCCCGCATCTTGGCTT-3′)
(Integrated DNA Technologies, Coralville, IA, USA). Quantitative PCR was performed on
an ABI Prism 7300 sequence detection system (Applied Biosystems, Carlsbad, CA, USA)
using standard conditions. Target gene mRNA levels were compared to standard curves and
normalized to 18S mRNA. All PCR reactions were performed in triplicate from three
independent experiments

Immunohistochemistry
Cryosections of human skin biopsies (10 μm) were immunostained for pSmad1/5/8 using a
rabbit polyclonal anti-pSmad1/5/8 (1:50, Santa Cruz Biotechnology) and MMP-13 antibody
using the antiserum (1:50) described above. As a negative control, the primary antibody was
omitted and replaced with rabbit IgG (Santa Cruz Biotechnology) in lieu of a blocking
peptide, which was not commercially available for these specific antibodies. Sections were
treated with a biotinylated anti-rabbit IgG secondary antibody followed by an avidin
peroxidase complex and 3,3′-diaminobenzidine (DAB) until a brown-colored immunostain
developed (VECTASTAIN ABC kit, Vector Laboratories, Burlingame, CA, USA).
Counterstaining was done with Gill’s hematoxylin #2 (Polysciences, Inc., Warrington, PA,
USA) according to the manufacturer’s instructions. Slides were viewed at 10x magnification
under an Olympus Ix51 light microscope.

Enzyme-linked immunosorbent assay
Total TGF-β1, -β2, -β3, and BMP-4 concentrations in secreted medium from human skin
fibroblasts and total TGF-β1 and -β2 in platelet-poor EDTA-plasma were measured by
enzyme-linked immunosorbent assay with the human TGF-β1, TGF-β2, and BMP-4
Quantikine ELISA kits and human TGF-β3 DuoSet ELISA kit (R&D Systems). TGF-β3 in
plasma was measured using a ruthenium-based commercially available
electrochemiluminescence platform according to the manufacturer’s instructions (Meso
Scale Discovery, Gaithersburg, MD, USA). All samples were acid-activated prior to
assaying according to the manufacturer’s instructions. Secretion data were normalized to
protein concentration. All samples were run in duplicate.

Statistical analysis
Comparisons were made with the unpaired Student’s t-test to evaluate significance between
groups. Sex was not a factor in statistical analyses. All p-values are two-tailed and
considered significant when ≤ 0.05. Data are represented as mean ± standard error of the
mean (SEM).

Results
The BMP pathway is upregulated in CAH-X syndrome

TGF-β biomarkers in human skin fibroblast whole cell lysate, both canonical (pSmad2 and
pSmad1/5/8) and non-canonical (pERK/1/2 and p-p38 MAPK), were analyzed by Western
blot in CAH-X patients versus CAH controls that did not harbor a TNXB mutation/deletion.
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Fibroblasts were treated with TGF-β1, TGF-β2, TGF-β3, and BMP-4 and probed for
pSmad2, pSmad1/5/8, pERK1/2, and p-p38 MAPK. TGF-β1 and BMP-4 were used to
induce pSmad2 and pSmad1/5/8, respectively, while endogenous levels of pERK1/2 and p-
p38 MAPK were probed. While pSmad2, pERK1/2, and p-p38 MAPK levels did not change
between groups, pSmad1/5/8 was significantly upregulated in CAH-X patients versus
controls (p = 0.005), suggesting aberrant TGF-β signaling through the BMP pathway (Figure
1A, B). Only BMP-4-stimulated expression of pSmad1/5/8 was enhanced in CAH-X. No
changes were seen with the other treatments (Figure 1C), suggesting a direct effect in the
BMP pathway. Though other TGF-β pathway markers found in connective tissue dysplasias
were screened by Western blot (Smad3, Smad4, TGF-βRI, TGF-βRII), only pSmad1/5/8 was
different from controls (data not shown).

The same markers were probed using CAH-X and age- and sex-matched apparently healthy
controls in order to confirm the validity of using CAH patients without TNXB mutations/
deletions as controls in this cohort. A similar pattern of elevated pSmad1/5/8 expression was
seen when comparing to healthy controls (p = 0.008, Figure 1D); therefore, CAH patients
without TNXB mutations/deletions were considered a valid control group in all further
studies.

Immunoperoxidase staining of frozen human skin tissue sections with a pSmad1/5/8
antibody showed a marked increase in CAH-X patients versus CAH controls (Figure 2),
validating the Western blot fibroblast results at the tissue level. Negative control slides
where primary antibody was omitted and replaced by rabbit IgG showed no staining,
confirming the pSmad1/5/8 antibody specificity.

TGF-β3 secretion from CAH-X fibroblasts is increased
In addition to the intracellular findings, secretion into the medium from fibroblasts from
CAH-X patients, CAH controls, and healthy controls revealed significantly elevated TGF-β3
in CAH-X patient samples by ELISA (p < 0.0001, Figure 3A). This result lends support to
the Western blot findings, since it is known that excess TGF-β3 leads to increased pSmad1
expression.[12] However, secreted TGF-β1, TGF-β2, and BMP-4 were not different between
groups (p > 0.05, data not shown). The possibility that the secreted TGF-β3 could potentiate
an auto-feedback loop on the CAH-X fibroblasts was tested; however, no effect was seen in
the fibroblasts (data not shown).

Circulating TGF-β2 is increased in CAH-X plasma
Levels of TGF-β1, -β2, and -β3 in platelet-poor EDTA-plasma from CAH-X patients, CAH
controls, and healthy controls were assayed, which revealed significantly elevated TGF-β2
in CAH-X patient samples by ELISA (p = 0.007 and 0.001, respectively, Figure 3B).
Circulating TGF-β1 and TGF-β3 were not different between groups (p > 0.05, data not
shown).

Matrix metalloproteinase-13 (MMP-13) is upregulated in CAH-X
Since MMP-13 is a downstream target of TGF-β3 during mammalian palatogenesis,[13]
MMP-13 mRNA and protein expression was analyzed in fibroblasts following induction
with TGF-β3 by real-time PCR and Western blot. Quantitative real-time PCR revealed that
MMP13 was significantly upregulated in CAH-X patients versus CAH controls (p = 0.024,
Figure 4A). Consistently, Western blot analysis showed significantly increased MMP-13
protein expression in CAH-X patients versus CAH controls (p = 0.006, Figure 4B). In order
to determine the specificity of this response, MMP-13 expression was also tested in cells
treated with TGF-β1, TGF-β2, and BMP-4 (Figure 4C). As expected, only TGF-β3
stimulation showed enhanced MMP-13 expression.
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Immunoperoxidase staining of frozen human skin tissue sections with an MMP-13 antibody
showed a marked increase in CAH-X patients versus CAH controls (Figure 4D), supporting
the in vitro fibroblast results at the tissue level. Negative control slides where primary
antibody was omitted and replaced by rabbit IgG showed no staining, confirming the
MMP-13 antibody specificity.

Discussion
This study provides the first evidence of aberrant TGF-β expression in patients with CAH-X
exhibiting features of a connective tissue dysplasia due to TNX deficiency. Although TNX
deficiency was first associated with EDS over a decade ago,[5] little is known about how
impairment of this ECM protein results in an EDS phenotype beyond its regulation of
collagen deposition and crosslinking.[3, 14] Patients with CAH-X present with characteristic
features of EDS, such as joint hypermobility, pain, and dislocations; soft tissue rheumatism,
and other manifestations of tissue fragility. Midline defects, such as cardiac structural
(quadricuspid aortic valve and congenital ventricular diverticulum) and palatal (bifid uvula)
abnormalities, also have been described in a subset of affected CAH-X patients.[4] Our data
suggest that alterations in TGF-β biomarkers play a role in the connective tissue dysplasia
characteristics of CAH-X.

The TGF-β signaling pathway has been implicated in a number of connective tissue
disorders[8–11] and is known to regulate collagen (Table 1).[15] Expression variability is
often found in connective tissue disorders;[8–11] therefore, not all patients with the same
underlying genetic defect necessarily display every phenotype associated with the disorder.
However, it is apparent that the disruption of TGF-β signaling has a significant role in
connective tissue dysplasias. The myriad of phenotypes associated with the fibrillin-TGF-β/
BMP-Smad axes strongly support these pathways’ importance in connective tissue
homeostasis.

Three TGF-β cytokines (TGF-β1, TGF-β2, and TGF-β3) are known to regulate diverse
developmental processes and maintain tissue homeostasis. TGF-β1 is a potent stimulator of
chemotaxis and is important in inflammation.[16] TGF-β2 has a vital role in embryonic
development and disruption of the TGFB2 gene leads to a wide range of developmental
defects, including cardiac and craniofacial deformities.[17] TGF-β3 is primarily responsible
for proper secondary palatogenesis and palatal confluence.[18] In mouse models of cleft
palate, it was shown that increased TGF-β3 in tissue and palatal fibroblasts led to increased
signaling of pSmad1 and MMP-25 and MMP-13 (collagenase-3), which are also important
in palate formation.[12, 13]

Upon screening known TGF-β pathway biomarkers found in connective tissue dysplasias,
pSmad1/5/8 was found to be elevated in dermal fibroblasts and direct skin tissue, indicating
abnormal BMP pathway function in CAH-X. BMP2 and BMP4 are expressed specifically
within the epithelia and mesenchyme of the palatal shelves.[19] Overactive BMP signaling
contributes to cleft palate formation by dysregulating cell proliferation and causing changes
in gene expression.[20] In support of the BMP pathway findings, we found that CAH-X
dermal fibroblasts secreted significantly more TGF-β3, which is known to induce pSmad1
expression.[12] TGF-β3 is essential for palatal confluence and mutations in TGFB3 are
linked to cleft palate in mice.[18, 21] Rare variants in TGFB3 have been linked to
nonsyndromic cleft palate in humans[22] and a mutation in TGFB3 has been shown to be
disease causing in a human patient presenting with myopathy, joint laxity, distal
contractures, bifid uvula, and other features overlapping with TGF-β spectrum disorders.[23]
While these data may partially explain the palatal phenotype in CAH-X, a separate cohort of
adult patients with TNXB deficiency was found to have myopathy and distal contractures,
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pointing to an overlap of the TGFB3 mutation phenotype with that of TNXB mutations.[24]
In the current study, MMP-13, a downstream marker of TGF-β3 involved in embryogenesis
and palatal fusion, was overexpressed in CAH-X dermal fibroblasts and direct skin tissue.
Interestingly, it has been shown in a zebrafish model that exposure to glucocorticoids causes
developmental abnormalities, including craniofacial, and leads to increased MMP-13 mRNA
expression and activity.[25] Our patients were deficient in glucocorticoids during
embryogenesis due to the enzymatic block in cortisol biosynthesis of CAH; the role of
glucocorticoids in defining the phenotype is unknown.

CAH-X patient plasma had significantly higher amounts of circulating TGF-β2 than
controls. Patients with CAH-X may present with cardiac structural valvular aberrations such
as quadricuspid aortic valve and developmental defects such as congenital ventricular
diverticulum. TGF-β2 appears to participate in mitral valve remodeling during development,
[26, 27] and TGF-β2 mouse knockout studies suggested a specific role in cardiac cushion
EMT.[28] Furthermore, recent studies showed that mutations that inactivate TGF-β2 led to
aortic aneurysm syndrome, despite excess TGF-β2 being present in tissue.[29] Given that we
have only cross-sectional data on circulating TGF-β2 from post-natal time points, the role of
the elevated TGF-β2 in cardiac developmental defects in CAH-X remains speculative, albeit
intriguing, and invites further exploration.

Screening known TGF-β biomarkers in connective tissue dysplasias in CAH-X revealed two
potential disease-causing mechanistic axes: BMP/TGF-β3 and TGF-β2. Possibly the impact
of TNX deficiency on TGF-β signaling stems from the role TNX plays in regulating
collagen deposition and organization and TGF-β’s role in regulating collagen production.
Therefore, the CAH-X phenotypes discussed appear to be related to TNX deficiency rather
than the hormonal imbalances characteristic of CAH (Figure 5). Our cohort’s underlying
CAH was consistent between groups, thus controlling for possible effects of the co-existing
endocrine condition. Further studies are needed to describe this relationship.

One weakness of our study is the lack of a haploinsufficient mouse model and animal data.
Though a TNXB knockout mouse model that recapitulates an EDS phenotype is available, it
lacks the CAH genetic background. Additionally, attempts have been made in other
laboratories[30] to create a CAH mouse model with 21-hydroxylase deficiency through a
homozygous deletion of CYP21A2. However, newborn homozygous mice are deficient in
21-hydroxylase activity and homozygosity results in death at an early postnatal stage. It is
conceivable that protein expression patterns in the palatal, musculoskeletal, and cardiac
defects described are different at embryonic and postnatal stages. Since palatal and vascular
tissues were not accessible from our cohort, dermal fibroblasts were used as in studies of
key pathologic features of other genetic disorders.[11, 31] Mouse models and human
embryological studies have shown that TGF-β biomarkers are dysregulated and disease-
causing in other related connective tissue diseases.[8–11] Therefore, it is likely that the
TGF-β biomarkers found in CAH-X play a role in the connective tissue phenotypes.

Our study provides the first link between TGF-β pathway dysregulation and TNX deficiency
in an endocrine disorder with connective tissue dysplasia features. The data suggest that
abnormal BMP and TGF-β3 signaling may be involved in the palate abnormalities and
myopathy, whereas TGF-β2 may be responsible for the cardiac phenotype. Given that other
TGF-β pathway genes are associated with cardiovascular disease, including aneurysms,
further mechanistic investigations of cardiac/vascular phenotypes and longitudinal cardiac
and musculoskeletal follow-up in CAH-X patients is warranted. CAH-X is likely under
recognized and underdiagnosed worldwide. Further discovery and understanding of the
molecular mechanisms and the role of TGF-β signaling in the pathogenesis of CAH-X will
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provide novel insight into the role of tenascin-X deficiency as a cause of Ehlers Danlos
syndrome.
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Figure 1. Western blot analysis of TGF-β signaling in human skin fibroblasts
A. Representative Western blot analysis of TGF-β1-stimulated pSmad2, BMP-4-stimulated
pSmad1/5/8, and endogenous pERK1/2 and p-p38 markers in CAH-X patients compared to
CAH controls lacking a TNXB mutation/deletion. Significantly increased pSmad1/5/8
expression is seen in CAH-X patients. B. Western blot quantification graphs are shown from
three independent experiments done in triplicate. All data were normalized to the loading
control; however, the same results were seen when normalized to total protein (p ≤ 0.05
considered significant). C. Western blot analysis of TGF-β2 and TGF-β3 stimulation in
fibroblasts. TGF-β2 and TGF-β3 did not induce changes in pSmad2 expression in
fibroblasts. D. Western blot analysis of pSmad1/5/8 shows a similar pattern of increased
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pSmad1/5/8 expression in CAH-X patients compared to healthy controls. Western blot data
were normalized to the loading control; however, the same results were seen when
normalized to total protein (p ≤ 0.05 considered significant). The quantification graph is
from three independent experiments done in triplicate.

Morissette et al. Page 12

Eur J Med Genet. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Immunohistochemical analysis of pSmad1/5/8
Immunoperoxidase staining using a human pSmad1/5/8 antibody shows markedly increased
staining in representative skin sections from two CAH-X patients relative to CAH controls
without a TNXB mutation/deletion. Neg refers to sections where rabbit IgG was used in
place of the primary antibody, confirming antibody-specific staining. Hematoxylin was used
to counterstain and sections were viewed at 10X magnification.
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Figure 3. Analysis of TGF-β cytokines secreted from fibroblasts and in plasma
A. Secreted total TGF-β3 from fibroblasts from CAH-X patients compared to CAH controls
without a TNXB mutation/deletion or healthy controls was determined by ELISA. CAH-X
patient fibroblasts secrete significantly more TGF-β3 into the medium than controls.
Secretion data were normalized to protein concentration (p ≤ 0.05 considered significant).
Samples were run in duplicate. B. Levels of total TGF-β2 in platelet-poor EDTA-plasma
from CAH-X patients compared to CAH controls without a TNXB mutation/deletion or
healthy controls were determined by ELISA. CAH-X patients have significantly more TGF-
β2 in circulation in plasma than controls (p ≤ 0.05 considered significant). Samples were run
in duplicate.
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Figure 4. MMP-13 expression in CAH-X patients
A. Relative MMP-13 mRNA expression in CAH-X patient fibroblasts compared to CAH
controls without a TNXB mutation/deletion was tested by real-time PCR. CAH-X patients
have increased expression of MMP13 relative to controls. MMP13 gene expression was
normalized to 18S expression levels. Reactions from three independent experiments were
run in triplicate. B. Representative Western blot analysis of TGF-β3-induced MMP-13
protein expression in skin fibroblasts shows increased MMP-13 in CAH-X patients
compared to CAH controls without a TNXB mutation/deletion. Blot quantification data were
normalized to β-actin. The quantification graph is from three independent experiments done
in triplicate. C. Stimulation with TGF-β1 TGF-β2, and BMP-4 did not induce changes in
MMP-13 expression in fibroblasts D. Immunoperoxidase staining using a human MMP-13
antibody shows markedly increased staining in representative skin sections from two CAH-
X patients relative to CAH controls without a TNXB mutation/deletion. Neg refers to
sections where rabbit IgG was used in place of the primary antibody, confirming antibody-
specific staining. Hematoxylin was used to counterstain and sections were viewed at 10X
magnification.
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Figure 5. Relationship Between TNX Deficiency and TGF-β Signaling in CAH-X
CAH-X patients have two distinct genetic defects due to the proximity of CYP21A2, the
gene encoding the 21-hydroxylase enzyme, and TNXB, the gene encoding TNX, an
extracellular matrix protein. The 21-hydroxylase enzyme is essential in cortisol biosynthesis;
21-hydroxylase deficiency results in cortisol deficiency and androgen excess. TNX is
associated with collagen reorganization; deficiency leads to a connective tissue dysplasia. A
new link has been proposed in the current study between TNX deficiency and TGF-β
signaling in CAH-X. Two possible mechanisms may be responsible for some CAH-X
phenotypes, including BMP pathway dysregulation and abnormal TGF-β2 and TGF-β3
signaling, possibly through a connection between TNX’s collagen reorganization properties
and TGF-β’s collagen production properties. The influence of the hormonal milieu on the
connective tissue phenotype in CAH-X is unknown.
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Table 1

Involvement of the TGF-β pathway in disorders of connective tissue.

Genetic Disorder Causative Mutation Dysregulated TGF-β Biomarker Phenotype Reference

Marfan Syndrome (MFS) FBN1 pSmad2
pERK1/2
Smad4
TGF-β1
BMP-2

p38 MAPK

aortic aneurysm,
skeletal features, lens

dislocation, high palate,
skin abnormalities

[32–35]

Loey’s Dietz Syndrome (LDS) TGFBRI
TGFBRII
TGFB2
SMAD3

TGF-βRI
TGF-βRII
TGF-β2
Smad3

cardiovascular,
musculoskeletal, skin
abnormalities, bifid

uvula, hypertelorism,
craniosynostosis

[9, 10, 36]

Shprintzen-Goldberg Syndrome (SGS) SKI SKI (Smad2/3 repressor) MFS/LDS features,
mental retardation,

severe skeletal
hypotonia

[11]

Case report: overlapping MFS/LDS
features

TGFB3 TGF-β3 bifid uvula, distal
contractures,

myopathy, joint laxity

[23]

CAH-X Syndrome CYP21A2
TNXB

pSmad1/5/8
TGF-β3
MMP-13
TGF-β2

bifid uvula, cardiac
valvular abnormalities,

joint hypermobility,
osteoarthritis

[4]
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